Investigating carbonaceous microstructures and material in Earth's oldest sedimentary rocks is an essential part of tracing the origins of life on our planet; furthermore, it is important for developing techniques to search for traces of life on other planets, for example, Mars. NASA and ESA are considering the adoption of miniaturized Raman spectrometers for inclusion in suites of analytical instrumentation to be placed on robotic landers on Mars in the near future to search for fossil or extant biomolecules. Recently, Raman spectroscopy has been used to infer a biological origin of putative carbonaceous microfossils in Early Archean rocks. However, it has been demonstrated that the spectral signature obtained from kerogen (of known biological origin) is similar to spectra obtained from many poorly ordered carbonaceous materials that arise through abiotic processes. Yet there is still confusion in the literature as to whether the Raman spectroscopy of carbonaceous materials can indeed delineate a signature of ancient life. Despite the similar nature in spectra, rigorous structural interrogation between the thermal alteration products of biological and nonbiological organic materials has not been undertaken. Therefore, we propose a new way forward by investigating the second derivative, deconvolution, and chemometrics of the carbon first-order spectra to build a database of structural parameters that may yield distinguishable characteristics between biogenic and abiogenic carbonaceous material. To place Raman spectroscopy as a technique to delineate a biological origin for samples in context, we will discuss what is currently accepted as a spectral signature for life; review Raman spectroscopy of carbonaceous material; and provide a historical overview of Raman spectroscopy applied to Archean carbonaceous materials, interpretations of the origin of the ancient carbonaceous material, and a future way forward for Raman spectroscopy.
Introduction
I nvestigating carbonaceous microstructures and material in Earth's oldest sedimentary Archean rocks is an essential part of tracing the origins of life on our planet; furthermore, it is important for developing techniques to search for traces of life on other planets, for example, Mars. Archean cherts contain carbonaceous microstructures that resemble morphologically preserved putative microfossils. Putative microfossils have been reported in the 3.5-3.0 Ga Pilbara Supergroup, Australia (e.g., Awramik et al., 1983; Schopf, 1993; Rasmussen, 2000; Ueno et al., 2001a Ueno et al., , 2001b , and the penecontemporaneous Swaziland Supergroup, South Africa (e.g., Knoll and Barghoorn, 1977; Walsh and Lowe, 1985; Westall et al., 2001) . These reported microstructures exhibit filamentous and coccoidal morphologies that have been attributed to cyanobacteria (Awramik et al., 1983; Schopf, 1993) . Often these microstructures are in a poor state of preservation and exhibit relatively simple morphologies that consequently have resulted in endless doubts about their biogenicity (e.g., Schopf and Walter, 1983; Buick, 1990) . Other approaches beside morphology are required to alleviate this ambiguity. Pflug and Jaeschke-Boyer (1979) were early advocates of multiple analytical chemical approaches that addressed the physics, chemistry, and biology involved and could be applied to identify a microfossil. Hence, they coined the phrase ''the best way of confirming the biogenicity of a fossil residue is by relating morphology and chemistry.'' Archean cherts at best have undergone prehnite-pumpellyite to greenschist facies metamorphism, which has resulted in the degradation of biomolecules by thermal alteration, and consequently their primary spectral signatures have been destroyed (Summons and Walter, 1990) . Therefore, carbon isotopic signatures on bulk carbonaceous materials and microstructures have been obtained (e.g., Mojzsis et al., 1996; Rosing, 1999; Schidlowski, 2001; Ueno et al., 2001a Ueno et al., , 2001b Ueno et al., , 2002 Ueno et al., , 2004 Ueno et al., , 2006 . However, the use of carbon isotope compositions for unambiguously assessing biological contributions to carbonaceous materials preserved in Archean rocks has come under intense scrutiny (e.g., Brasier et al., 2002 Brasier et al., , 2005 Lindsay et al., 2005; McCollom and Seewald, 2006; Marshall et al., 2007a) . McCollom and Seewald (2006) recently showed that the abiotic synthesis of organic compounds (C 2 -C 28 n-alkanes) under laboratory-simulated hydrothermal conditions can yield organic products depleted in 13 C to a degree usually diagnostic of biological isotopic fractionation (À36% depletion in organic carbon, in the form of isotopically uniform n-alkanes, estimated relative to source carbon dioxide was observed), at least when overall CO 2 =CO reductive conversions are low. So, additional key evidence from molecular and compoundspecific isotopic patterns (Marshall et al., 2007a) , as well as spectroscopic characterization, is necessary to differentiate biotic from abiotic carbonaceous inputs to Earth's oldest preserved sediments.
Raman spectroscopy has been put forward as an analytical technique with which to investigate these contentious microstructures. The application of Raman spectroscopy, however, has been just as controversial with respect to the identification of carbon type=structure and subsequent interpretation. Therefore, the goal of this review is to address the problems encountered by applying Raman spectroscopy to these enigmatic samples. In light of the controversy pertaining to the use of Raman spectroscopy to delineate the biogenicity of Archean putative microstructures, we provide a summary on what is currently accepted as Raman spectral signatures of biomolecules. We then follow the organic maturation pathway by Raman spectroscopy on bona fide microfossils of biological origin to various carbonaceous materials. A historical overview of Raman spectroscopy applied to Archean carbonaceous materials, an account of biogenicity interpretations, and the future way forward for Raman spectroscopy for these materials will be discussed.
Raman Spectroscopy
Although Raman spectroscopy is currently a popular technique for studying Archean carbonaceous materials, there are misconceptions about the information available from Raman spectroscopy and the interpretation of Raman spectra. Therefore, this section provides a brief overview of Raman spectroscopy, Raman spectroscopy of carbonaceous materials, Raman signatures of accepted biomolecules, and considerations for the interpretation of Raman spectra of carbonaceous material from Archean Earth sediments and potentially from Mars.
Raman phenomenology
Raman spectroscopy is a form of vibrational spectroscopy that has long been routinely used to identify and quantify chemical compounds. A Raman spectrum is a spectrum of the light scattered from a sample, which is irradiated with monochromatic radiation in the UV=visible or near-IR region. The light may be scattered either elastically (Rayleigh scattering) or inelastically (Raman scattering). In the case of Raman scattering, the emergent light is shifted from its original frequency by a quantum of energy that corresponds to a molecular transition of the sample. The transition may be translational, rotational, vibrational, or electronic in nature. For a vibrational mode to be Raman active, a change in polarizability as the molecule vibrates is needed. Molecules consist of a nuclear structure surrounded by a complex field or cloud of electrons. Application of a potential field causes the electrons to ebb and flow so that they are slightly concentrated toward the þ and away from the À of the applied field. The ease with which electrons respond to a given field is described as the polarizability. If the polarizability changes as the molecule vibrates, we observe Raman active modes shown as Raman bands in the spectrum. Raman bands are the frequencies that correspond to the energy levels of different functional group vibrations.
When the energy of the incident light coincides with the energy of an electronic transition of a molecule, new possibilities arise for Raman spectroscopy for these compounds of interest, via the resonance Raman effect. Judicious selection of tuning the excitation wavelength to the electronic absorption spectrum can produce selective significant enhancement of certain Raman bands. These Raman bands correspond to vibrational modes that involve motions of the atoms in the chromophore, that portion of the molecule where the electronic transition is localized. Because of its selectivity, since the resonance phenomenon permits the specific enhancement of the vibrational spectrum of one particular molecular species within a complex solution or mixture, other species in the mixture not resonantly enhanced show Raman spectra of much lower intensity (often by a factor of 10 À5 ). Therefore, the information content of the spectra is high, by comparison with that available from Stokes (conventional) Raman scattering and IR spectroscopy. Resonance Raman spectroscopy is useful for investigating molecules such as RNA, DNA, amino acids, proteins (e.g., Storrie-Lombardi et al., 2001; Tarcea et al., 2007) , carotenoids (e.g., Marshall et al., 2007b) , and chlorophyll, all of which undergo electronic transitions when excited by UV or visible electromagnetic radiation.
Raman spectroscopy of carbonaceous materials
Although the short summary that follows is by no means exhaustive, it is intended to highlight some relevant steps in our understanding of the vibration spectrum acquired from carbonaceous materials, which is to be dealt with in the subsequent discussion. Carbon has several allotropes that can be synthesized by biological and nonbiological processes, and it can exist in a wide range of disordered forms. Raman spectroscopy has historically played an important role in the structural characterization of graphitic= carbonaceous materials (e.g., Dresselhaus and Dresselhaus, 1982 and references therein) and has been widely used in the last four decades to characterize graphitic systems, such as pyrolytic graphite, carbon fibers, glassy carbon, nanographite ribbons, fullerenes, and carbon nanotubes. Raman spectroscopy has been found to be very sensitive to structural changes that perturb translational symmetry in carbonaceous materials, which thus makes this a powerful method by which to characterize carbon structure (e.g., Dresselhaus and Dresselhaus, 1982 and references therein).
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The reference structure for the Raman analysis of sp 2 carbons is the graphitic lattice. Graphite consists of stacks of parallel two-dimensional graphene sheets with carbon atoms that are arranged in hexagonal rings through localized inplane 2s, 2p x and 2p y (sp 2 ) orbitals. The individual sheets are weakly bonded by delocalized out-of-plane 2p z orbitals, which overlap to give a delocalized electron system. The anisotropic graphite structure suggests different properties along different crystallographic axes, namely, very high inplane strength but very weak out-of-plane strength. In disordered carbonaceous materials, a large proportion of the carbon atoms are situated within defects (vacancies, dislocations, grain boundaries, and stacking faults) and strained lattice regions.
The Raman spectrum of carbonaceous materials can be divided into first-and second-order regions, depending on the degree of crystallinity. The first-order Raman spectrum is especially sensitive to the extent of the two-dimensional ordering, while the second-order Raman spectrum is most sensitive to the graphitization process, which yields the three-dimensional order of hexagonal graphite (Lespade et al., 1982) . The graphitic lattice has dihedral (hexagonal) symmetry that belongs to the prismatic D 4 6h point group. Vibrational analysis indicates this symmetry to have vibrational modes of the types 2E 2g , 2B 2g , E 1u , and A 2u (Tuinstra and Koenig, 1970) .
Only the two E 2g modes are Raman active and have been identified with a Raman band at 1582 cm À1 and a lowfrequency scattering feature at 47 cm
À1
, while the E 1u and A 2u are IR active and can be observed in an IR spectrum at 1588 and 868 cm
, respectively. The B 2g modes are optically inactive. The E-symmetry modes exhibit in-plane atomic displacements, while the A-symmetry modes have out-ofplane displacements. The spectral region between 1000 and 1800 cm À1 , the carbon first-order spectrum, contains most of the structural information of carbonaceous materials. Figure 1 shows a first-order spectrum of synthetic hexagonal graphite (Fluka, 99% pure, 0.1% ash, <100 mm) with a single band at 1582 cm À1 assigned to the G band, an in-plane C ¼ C in an aromatic ring stretching vibrational mode with E 2g2 symmetry. However, when disordered sp 2 carbons are considered, significant spectral modifications can be observed that are related to increased bands due to structural disorder by lowering molecular symmetry. For example, Fig. 1 shows a first-order spectrum acquired from isolated [via a standard HCl=HF acid digestion method as described in Marshall et al. (2007a) ] carbonaceous material from the Apex Chert ''microfossil'' locality. Clearly, this spectrum is different from graphite as it is dominated by two broad bands. The additional band present at 1355 cm À1 is assigned to the D band with A 1g symmetry, which becomes Raman active due to disorder in the sp 2 carbon network. This band has been attributed to a decrease in symmetry near the boundaries of microcrystalline domain, which reduces the symmetry from D 6h to C 3v or even C s (Tuinstra and Koenig, 1970; Mernagh et al., 1984) . New vibrational modes of the lattice may then become active, such as an A 1g mode (Tuinstra and Koenig, 1970) . Alternatively, the D mode has been explained by the existence of specific vibrations at the edges, for example, oxides or C ¼ C groups that are present at the edge or other heteroatoms (S, N, O, and H) (Mernagh et al., 1984) . Nonetheless, these studies concur that the D mode is related to structural disorder. Upon increasing disorder, the G band becomes broader and shifts from 1582 to 1595 cm
. In disordered sp 2 carbonaceous samples, the G band denotes that the sample contains sp 2 carbon networks that are not necessarily graphite. Clearly, therefore, the first-order spectrum acquired from the isolated carbonaceous material from the ''microfossil'' locality is composed of a network of disordered sp 2 carbon-not ''graphitic kerogen'' or ''amorphous graphite'' as previously reported by Schopf et al. (2002) and Brasier et al. (2002) , respectively.
The G and D bands can be deconvolved into component bands, normally indicated as Di, each arising from a vibrational mode of a disordered sp 2 lattice that becomes Raman active in the presence of structural disorder. A Gaussian= Lorentzian fit is often used for crystals, arising from finite lifetime broadening, and it is normally used for disordered polycrystalline carbons and amorphous carbon (Ferrari and Robertson, 2000) . Figure 2 shows a deconvoluted carbon first-order spectrum produced from the spectrum shown in Fig. 1 (Fig. 3 ). These second-order Raman bands are assigned to both overtone scattering (2Â1360 ¼ 2735 cm À1 , the most intense; 2Â1620 ¼ 3240 cm 
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). Lespade et al. (1982) attributed the appearance of these second-order bands to threedimensional structural ordering. In particular, the splitting of the band at 2700 cm À1 (S band) into the doublet of the G 0 1 and G 0 2 at 2695 and 2735 cm À1 occurs for well-crystallized graphite, which arises when carbonaceous materials acquire a triperiodic structure. Raman spectra can clearly be used to characterize the transition of carbonaceous materials between disordered and ordered structures. But using these changes in the Raman signature to determine either the biogenicity of the original structure or the causative factor in the diagenetic change and the degradation of the signal is a more complicated problem.
Accepted biogenic Raman spectral signatures
Due to the current controversy of using Raman spectroscopy as a tool to asses the biogenicity of Archean putative microfossils, we will explore what are known and agreedupon spectral signatures for the evidence of life. The search for organic compounds of possible biological origin is one of the major goals of astrobiological exploration programs of NASA and ESA. Both NASA and ESA are considering the importance of miniaturized Raman spectrometers for future robotic exploration missions to Mars as part of the analytical instrumentation suite on planetary landers. Therefore, a compilation of a Raman spectral database for biological materials is needed to confirm the presence of extinct or extant life on Mars. Examples of potential biomolecular materials with this goal in mind are molecular structures that define their functionality, such functionality being fundamental to all organisms. Furthermore, it is desirable to target molecules that are clearly distinguished from abiogenic compounds that are widely distributed throughout the Cosmos. Potential molecules that could serve as biosignature compounds to target include DNA=RNA and proteins, chlorophyll (degrades to porphyrins), carotenoids=retinal-protein complexes (degrade to isoprenoids), cell membranes containing bacteriohopanetretol (degrade into hopanoids), and steroids (derived from the degradation of eukaryote cell membranes and walls) .
Vibrational spectroscopy of biological samples provides information about the chemical composition of all cell components. Pioneering work by Naumann et al. (1991a Naumann et al. ( , 1991b showed that IR and Raman spectroscopy can be used to classify bacteria and yeasts. Using deep UV excitation (e.g., 244 nm), direct investigation of macromolecules such as DNA or proteins becomes possible due to resonant enhancement (e.g., Manoharan et al., 1990; Chadha et al., 1993; Wu et al., 2001; Jarvis and Goodacre, 2004) . Storrie-Lombardi et al. (2001) and Tarcea et al. (2007) showed that Raman excitation wavelengths in the deep UV region are able to selectively enhance Raman signals of proteins and DNA=RNA. The signals can mainly be assigned to DNA bases as well as aromatic amino acids. Additionally, because the Raman signals of the DNA bases guanine, adenine, cytosine, and thymine as well as the RNA base uracil are resonantly enhanced, it is possible to correlate the UV-resonance Raman spectra with the GC value. The GC value is defined as the ratio of guanine and cytosine to all DNA bases. Significantly, from an astrobiological perspective, this can be used as a criterion for the presence of life; and potentially it could be used as taxonomic criterion, since the GC value is species specific. Conceivably, this could offer information on the relatedness between Earth and potential martian microbes.
Investigations of endolithic communities from extreme habitats on Earth have demonstrated that Raman spectroscopy is an excellent tool to detect various types of biomolecules that have been produced by particular microorganisms as part of their survival strategy in extreme environments (see Edwards, 2000a, 2000b; Edwards et al., 2004 Edwards et al., , 2005a Edwards et al., , 2005b Villar et al., 2005; Villar and Edwards, 2006) . Photoprotective pigments provide an important group of biomolecules that are produced as a response to harmful UV radiation and act as UV-screening compounds (e.g., parietin and scytonemin) or indirectly as
FIG. 2.
Example of decomposition of the carbon first-order region of a Raman spectrum obtained from isolated kerogen from the Apex Chert ''microfossil site.'' Five bands can be resolved into Gaussian-Lorentzian bands, D2 (disordered sp 2 lattice), G (in-plane C ¼ C in an aromatic ring stretching vibrational mode with E 2g2 symmetry), D3 (amorphous carbon), D1 (A 1g symmetry becomes Raman active due to disorder in the sp 2 carbon network), and D4 (sp 3 bonds or C-C and C ¼ C stretching vibrations of polyene-like structures).
FIG. 3.
An example of a first-and second-order Raman spectrum produced by carbonaceous materials. The spectrum was acquired on carbonaceous material isolated from the Strelley Pool Chert, Pilbara region, Western Australia.
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antioxidants (carotenoids) that quench the reactive oxygen species responsible for cellular damage; for a detailed review, see Edwards et al. (2005a) . Due to recent identification of evaporites on Mars by the NASA rovers Spirit and Opportunity, it is reasonable to assume that halophilic microorganisms could have flourished in the martian environment. Based on these results, it is conceivable that brine pools may have been relatively common on the surface of that planet. Brines or evaporites may be suitable habitats for extant halophilic microorganisms or the last refuge for an extinct life (Mancinelli et al., 2004) and thus potentially bear a fossil record. Recently, Marshall et al. (2007b) reported on the identification of carotenoids in halophilic archaea by resonance Raman spectroscopy, using a laser with an excitation wavelength of 514.5 nm. This excitation wavelength has proven to be useful when analyzing carotenoids due to its coincidence with an electronic transition in carotenoids, which results in the Raman resonance effect and thus significantly enhances the Raman signal. Shown in Fig. 4 is a stack plot comparison of Raman spectra produced by an extant endolithic community dominated by cyanobacterium (Nostoc sp.), synthetic b-carotene (purchased from Sigma Aldrich), synthetic b-carotane [purchased from Chiron and prepared as in Marshall and Marshall (2010) ], a thermally immature acid-extracted [standard HF=HCl preparation as described in Marshall et al. (2005)] acritarch Tanarium conoideum (ca. 590-565 Ma, from Observatory Hill #1 drill core, Tanana Formation, Australia), a thermally mature acid-extracted acritarch Shuiyousphaeridium macroreticulatum [ca. 1.4-1.3 Ga from an outcrop section in the Ruyang Group, China (Marshall et al., 2005) ], and thermally over-mature (i.e., heated beyond the oil window) carbonaceous material collected by one of us (C.M.) in 2006 from a ''microfossil site'' of the Apex Chert (ca. 3.5 Ga). As an overall trend, the Raman spectra of these extant microbes, pigments, and degraded materials can range from complicated organic spectra assignable to biomolecules and mainly a photoluminescence background, to two distinct bands that can be assigned to disordered sp 2 carbonaceous material. The Raman spectra acquired from the endolithic community and b-carotene have three dominant bands ca. 1000, 1152, and 1520 cm À1 , which are due to in-phase C ¼ C (n 1 ) and C-C stretching (n 2 ) vibrations of the polyene chain in carotenoids and in-plane rocking modes of CH 3 groups attached to the polyene chain coupled with C-C bonds, respectively (Marshall et al., 2007b) . By comparison, the diagenetically transformed carotenoid b-carotane has additional bands than that of the b-carotene spectrum. The band at 1455 cm À1 is assigned to d(CH 2 ) scissoring mode of methylene, numerous bands between 1390-1000 cm À1 are assigned to n(C-C) stretching, and bands between 1000-800 cm À1 are assigned to a combination of d(C ¼ CH) methyl in-plane rocking and d(C-H) out-of-plane bending modes (Marshall and Marshall, 2010) . From an astrobiological perspective, it is desirable to target organic molecules that are clearly distinguished from abiogenic compounds. Clearly, the Raman spectroscopy of functionalized carotenoids, RNA, and DNA unequivocally fulfils this objective, as they are only synthesized by biological processes and display unique diagnostic spectra for this compound class. We propose here that likewise diagenetically reduced carotenoids can only be formed by fossilization processes and moreover provide unique diagnostic spectra.
Loss of definitive biogenic Raman spectral signatures as a consequence of thermal stress
We will further discuss spectral interpretation below, but consider now the thermal evolution of organic matter as a response to increasing burial and time. Sedimentary organic matter is composed mainly of carbon, hydrogen, and oxygen, and in some cases sulfur and nitrogen. Upon increasing thermal maturity, oxygenated functional groups and their sulfur and nitrogen equivalents are released first and form, for example, CO 2 , H 2 O, and SH 2 . Aliphatic CH groups are then removed, which form aromatic units. As a consequence, the amount of biological information preserved is reduced and subsequently lost as progressive thermal stress leads to the formation of aromatic hydrocarbons (Fig. 5 ). This transformation, which is called carbonization, proceeds through a series of intermediate forms that may ultimately convert to a triperiodic graphite structure, that is, the process of graphitization. The transformation from short and disorientated aromatic layers in poorly organized carbonaceous material up to perfectly stacked layers in the triperiodic structure of graphite is achieved by microtextural, structural, and chemical modifications of the starting material with increasing thermal stress. As the aromatic layers become larger and when their stacking becomes ordered, both compositional and organizational changes are involved while the organic material is undergoing graphitization. The ultimate degree of graphitization strongly depends on both composition and organization of the starting material (Bény-Bassez and Rouzaud, 1985; Rouzaud and Oberlin 1989; Kříbek et al., 1994) . Figure 4 shows two spectra obtained from Tanarium conoideum collected at 514.5 and 1064 nm (details in Marshall et al., 2006) . The spectrum obtained at 514.5 nm exhibits a pronounced photoluminescence background with no discernable bands. The Raman spectroscopic analysis of aliphatic macromolecules (such as immature kerogens, biopolymers, and microfossils) with an excitation at 514.5 or 532 nm is commonly obscured by the intense fluorescence, due to saturated carbon-hydrogen structures (C-H). The Raman effect has a very small quantum; therefore, when exciting radiation of the visible range is applied, the weak Raman lines are overlaid by the fluorescence radiation from the aliphatic macromolecule. Fluorescence is the emission of light with a longer wavelength than the incident light and is an electronic effect with a longer lifetime than the Raman effect. Its intensity maximum is located between 300 and 700 nm and conceals a large part of the actual Raman spectrum. This obstacle, however, can be circumvented by reducing the energy of the exciting light quanta to the degree at which the electronic states are not excited. On excitation at 1064 nm of a Nd:YAG laser, the fluorescence is eliminated, and two bands can be observed at 1450 cm À1 assigned to d(CH 2 ) sc scissors, and at 1295 cm À1 assigned to d(CH 2 ) tw twisting .
The Raman spectrum acquired from a thermally mature acritarch Shuiyousphaeridium macrorecticulatum (Fig. 4) shows two broad asymmetrical bands at ca. 1600 and 1360 cm À1 assigned to disordered sp 2 carbon. The final spectrum in Fig. 4 was acquired from carbonaceous material from the Apex Chert, which also shows two broad asymmetrical bands at ca. 1600 and 1360 cm À1 assigned to disordered sp 2 carbon, although they are different in line shape and intensity for the spectrum acquired from Shuiyousphaeridium macrorecticulatum. Upon increasing thermal stress, biological functionality of organic matter is lost, and the subsequent product of thermal stress is the generation of covalently cross-linked aromatic hydrocarbons and other aromatic subunits that get transformed and condensed through carbonization and graphitization. Currently, there is no agreement as to how to determine by Raman spectroscopy a biogenic signal for such thermally altered material. To date, this has been the problem in how to assess the biological= abiological nature of these materials.
Considerations for the Raman spectra of potential martian carbonaceous materials
Currently, there is debate as to what would be the best choice of the wavelength of laser line used for sample excitation for Raman spectroscopy in astrobiological prospecting. Possible wavelengths of laser lines that have been proposed are 244 nm (e.g., useful for DNA and proteins), 514.5 and 532 nm (e.g., useful for resonance enhancement of carotenoids and minerals), and 785 nm (e.g., useful for organics and minerals). Thus far, the Mars Microbeam Raman Spectrometer developed at NASA's Jet Propulsion Laboratory will use a low-power-mode 532 nm laser for sample excitation (Wang et al., 2003) . However, the excitation wavelength for the ESA Raman system (Raman Laser Spectroscopy) is still under debate (Courreges-Lacoste et al., 2007) . Of particular concern to astrobiological applications, with respect to the analysis and interpretation of carbonaceous materials, is that the frequency and intensity of the D band is dependant upon laser excitation wavelength (e.g., Vidano et al., 1981; Pocsik et al., 1998) . Over the following range of laser excitation, 244-1064 nm, the G band position and intensity are practically independent of excitation wavelength, whereas the D band shows an apparent linear variation of its position (amounting to about 180 cm À1 in the measured range), and intensity (Pocsik et al., 1998) strongly depends on the excitation wavelength. This phenomenon is attributed to a resonance enhancement effect of the D band (Pocsik et al., 1998) . The standard wavelength of choice for the analysis of carbonaceous materials is either 514.5 or 532 nm. Therefore, consideration needs to be given with respect to the resonance effects of the D band when comparing acquired spectra to that of previous carbonaceous material standard spectra obtained at either 514.5 or 532 nm.
It is relevant here to discuss the impact of chemically reactive ions, martian radiation loads, and superoxide radicals that form secondary to heavy particle bombardment of carbonaceous materials within the martian regolith. These energetic ions and particles break chemical bonds and displace atoms, change the molecular structure (inducing disorder-amorphization) and microtexture, and can form new molecular species. Raman spectroscopy has been used to study the effects of ion-induced lattice damage in carbonaceous solids and organic compounds (e.g., Elman et al., 1981; Strazzulla et al., 2001 and references therein) . It has been demonstrated that, when carbonaceous materials are ion irradiated, there is either an increase or decrease in the sp 2 carbonaceous cluster size, dependant upon starting material. During ion irradiation, two competitive processes are present: graphitization and amorphization. The first process is related to the energy release in the form of heat (''thermal spikes'') inside the collision cascade (i.e., sp 3 to sp 2 conversion with or without hydrogen loss), while the second process is caused by displacement collisions and depends on the size of crystallites. Therefore, these energetic processes greatly affect the carbon first-order spectrum, that is, the G and D band position, width, and relative intensity. These parameters are directly linked to the lattice structure, which changes after ion irradiation. Clearly, these processes must be borne in mind when interpreting the carbon first-order spectrum of possible martian carbonaceous materials in terms of elucidating the nature and origin of these materials.
Practical Considerations in Raman Spectroscopy of Carbonaceous Materials
There are two issues to be considered with the application of Raman spectroscopy to carbonaceous materials: the stability of the sample and, for highly anisotropic graphitic materials, the orientation of the sample relative to the laser beam.
Stability under laser irradiation
An important problem associated with black, absorbing carbonaceous samples is their heating and possible transformation under laser radiation during Raman spectroscopic analysis. This problem is especially important for samples with a low degree of structural order, that is, low-carbonified and non-graphitized samples. To circumnavigate the heating problem, granular samples can be pressed onto gold foil, which acts as a heat sink during measurements (Wopenka and Pasteris, 1993) . Additionally, defocusing of the laser beam can be sufficient, depending on the sample material. In most cases, however, and especially for unstable carbonaceous samples, low laser powers are recommended. After measurements in individual areas, the optical microscope makes it possible to observe whether the laser-illuminated area has sustained damage during analysis. This is important for Archean studies on Earth in which laboratory Raman spectrometers are used. With respect to minaturized Raman systems to be used for Mars exploration, for example, the Mars Microbeam Raman Spectrometer system will use a 532 nm laser that can operate in a low-power mode for the detection of heat-sensitive materials, which is particularly useful for samples such as disordered sp 2 carbonaceous materials (Wang et al., 2003) .
Orientation
The Raman spectrum and the ratio of both G and D bands depend not only on the degree of graphitization but also on the scattering geometry during analysis. Differences are observed for graphitic planes oriented parallel or perpendicular to the polarization orientation of the exciting laser beam (Nakamizo et al., 1974; Vidano et al., 1981; Wang et al., 1989) . The effects of orientation on the Raman spectra require caution in the interpretation of spectra from carbonaceous samples. This can be especially restrictive for highly anisotropic crystalline graphitic carbons from polished sections. It is recommended that multiple laser alignments are used to gather Raman spectra from a sample. For example, the laser can be orientated at 908 and 1808 to the sample, which enables the acquisition of data that can be used to determine the effect of orientation. These data can help distinguish periodic, chaotic, and the true random heterogeneity in the carbonaceous material's crystalline structure for that sample.
History of Raman Spectroscopy Applied to Archean Carbonaceous Materials
Surprisingly, the first application of Raman spectroscopy of Archean carbonaceous microstructures was a little-cited and forgotten study undertaken by Pflug and Jaeschke-Boyer (1979) . They reported chemical and morphological evidence of the presence of microfossils of an apparently eukaryotic character in the 3.8 Ga chert layers of a quartzite of the Isua series in Southwest Greenland. Raman spectroscopy showed ''hydrocarbons of high aromatization and condensation similar to those present in asphaltites.'' In addition, some of their samples contained ''amorphous carbon produced by charring of organic material.' ' Pflug and Jaeschke-Boyer (1979) suggested that the organic material that constitutes the microstructures was in a ''carbonized condition, partly in a high rank of coalification very similar to a final stage of graphitization,'' which is ''in accordance with the metamorphic condition of the enclosing rock of an upper greenschist facies.'' The Raman spectra of the material in the vacuoles of these cells, however, show the composition to be carbonyl groups, esters, and aliphatic hydrocarbon. The authors attributed this functionalized organic material to the preservation of the vacuoles due to special conditions in the cherts. Clearly, this low-molecular-weight functionalized organic material can be interpreted as younger organic contamination.
Soon, however, the nature of these carbonaceous spherical microstuctures was disputed by Bridgwater et al. (1981) and Roedder (1981) . Bridgwater et al. (1981) put forward two main arguments. First, they asserted that the putative microfossils were indistinguishable from limonite-stained fluid inclusions-microstructures that are demonstrably inorganic and post-depositional in origin (Bridgwater et al., 1981) . Notably and despite this first argument, the Raman spectra indicate disordered sp 2 carbon and a younger contaminated source of functionalized carbon. Secondly, and more interestingly, Bridgwater et al. (1981) proposed that the occurrence of hydrocarbons within these microstructures, if confirmed, would be equally consistent with both a biological and nonbiological origin of these compounds. Roedder (1981) showed by petrographic analysis that the microstructures were limonite-stained cavities from the complete dissolution by weathering of ferruginous dolomite, despite Raman spectroscopy demonstrating the presence of disordered sp 2 carbon. Appel et al. (2003) demonstrated, however, that the extreme stretching deformation the metachert underwent could not have preserved syndepositional (microstructures deposited at the same time of sedimentation) spherical carbonaceous objects. As a consequence, Appel et al. (2003) concluded that the carbonaceous objects, whether biological or not, were entirely post-tectonic and more likely a result from pre-Quaternary weathering. A later, little-cited Raman spectroscopic study by Pflug (1984) of spherical microstructures from the ca. 3.4 Ga old sedimentary rocks of the Swaziland System in eastern South Africa revealed these to be carbonaceous in composition. There was no question of doubt in this study: the carbonaceous material exhibited Raman spectra that would be expected for that degree of metamorphism; moreover, the microstructures were indigenous syndepositional features. However, after these initial studies by Pflug and JaeschkeBoyer (1979) and Pflug (1984) , there was a hiatus in the application of Raman spectroscopy to Archean carbonaceous materials. Only recently, renewed interest in the Raman spectroscopy of Archean carbonaceous microstructures has occurred. Ueno et al. (2001a Ueno et al. ( , 2001b were the next to investigate filamentous microstructures in silica veins at a 3.5 Ga North Pole chert-barite unit by carbon isotopic measurements, using secondary-ion mass spectrometry and Raman spectroscopy. Ueno et al. (2001a Ueno et al. ( , 2001b showed that the black filamentous microstructures and clots were composed of carbonaceous material as revealed by the Raman spectra having G and D bands diagnostic of carbonaceous materials. Ueno proposed that this was not an indicator of biogenicity but rather that the microstructures were composed of carbon. Moreover, they used the ratios of these bands to indicate a metamorphic grade of lower greenschist facies, which thus suggests that these carbonaceous filaments were syngenetic (carbonaceous filaments were deposited at the same time of sedimentation, meaning they are indigenous). Schopf et al. (2002) undertook Raman point-by-point analysis and mapping (a technique well established in the carbonaceous materials literature) on filamentous microstructures in a single chert unit within the 3.5 Ga Apex Basalt, and concluded that the microstructures were composed of ''graphitic kerogen.'' Furthermore, they defined kerogen as preserved sedimentary biogenic carbon, which is in stark contrast to the organic geochemical operational definition of acid insoluble carbonaceous material (Durand, 1980) . Consequently, this led to an erroneous supposition that Raman spectroscopy yields a diagnostic ''kerogen signal,'' which thus infers the biogenicity of these microstructures. This generated enormous controversy and consequently led to a series of papers debating this issue. Brasier et al. (2002) investigated the same material as the Schopf et al. (2002) study and interpreted their Raman spectra as ''amorphous graphite.'' They thereby proposed that this material was abiotic graphite that was produced by a Fischer-Tropsch type synthesis. Given their extensive field mapping and geochemical work, they interpreted the depositional setting of this chert unit as that of a hydrothermal system. Therefore, they invoked the formation of these carbonaceous microstructures by Fischer-Tropsch type synthesis of carbon compounds in a hydrothermal setting. Fischer-Tropsch type synthesis, while well established in the industrial world (Anderson, 1984) , is not well understood in the natural environment. In geochemistry, the term FischerTropsch synthesis is often incorrectly used. More correctly, it is an industrial process that reacts carbon monoxide with hydrogen in the presence of transition metal catalysts, for example, iron or zinc or their oxides, to produce lowmolecular-weight linear alcohols and hydrocarbons. There has been no detailed molecular mechanism proposed that explains how small amounts of simple apolar organics (predominantly low-molecular-weight n-alkanes and analogous n-alcohols) produced from Fischer-Tropsch synthesis can be transformed into significant quantities of highly aromatic kerogens; moreover, this has never been demonstrated experimentally.
The Schopf et al. (2002) study came under further critique by Wopenka (2002, 2003) , who made a very salient point that the spectral signature obtained from kerogen (of known biological origin) is similar to spectra obtained from many poorly ordered carbonaceous materials that arise through abiotic processes. Yet there is still confusion in the literature as to whether the Raman spectroscopy of carbonaceous materials can indeed delineate a signature of ancient life.
Most recent studies use Raman spectroscopy to confirm the carbonaceous composition and syngenicity of microstructures by delineating the degree of carbon structural order (e.g., Tice et al., 2004; van Zuilen et al., 2005; Allwood et al., 2006; Westall et al., 2006; Marshall et al., 2007a; van Zuilen et al., 2007; Lepot et al., 2008) . Interestingly, Edwards et al. (2007) observed Raman signals for disordered sp 2 carbonaceous materials, carotenoids, and porphyrins acquired from cherts from the Trendall and Kitty's Gap localities from the Panorama Formation, Pilbara, Western Australia. Raman signals for carotenoids and porphyrins were measured in, or near, fractures within the hand specimens of the chert samples (see Fig. 4 for Raman signals of carotenoids compared to disordered sp 2 carbonaceous materials). Therefore, the presence of these thermally labile compounds can be attributed to the contamination of the sample by the presence of endolithic and chasmolithic microbes. Endolithic microorganisms live in cracks or fractures in rocks, in spaces between grain boundaries within a rock (chasmoendolithic), and in pore spaces between grains (cryptoendolithic). They may also bore into shells, bones, and carbonate rocks or particles (euendolithic). Endolithic microorganisms include bacteria, fungi, algae, and lichens. Not only can microorganisms penetrate cracks and microfissures within rocks, but organic detritus and dissolved organic substances can be washed into cracks by rainwater. Similar contaminating features were observed in the martian meteorite Nakhla (Toporski and Steele, 2007) . Therefore, extra caution must be applied in the subsequent interpretation of finding various thermally liable functionalized organic compounds in ancient metamorphosed Archean cherts and extraterrestrial materials for extraordinary claims of ancient or martian life.
Raman Spectroscopy as a Geothermometer for Archean Carbonaceous Materials
Currently, Raman spectroscopy can be used to demonstrate that Archean microstructures have a carbonaceous composition, but it cannot provide any insight on their biogenicity. However, the crystallinity of carbon can be used as a proxy for the diagenetic and metamorphic history. The 236 MARSHALL ET AL.
following section gives an overview on using the Raman first-order carbon spectrum to delineate thermal maturity. In 1985, French geochemists Bény-Bassez and Rouzaud published an important paper giving the results of structural investigation by Raman microspectroscopy of four reference carbon types during laboratory high-temperature treatments (HTT). Precursor artificial materials included anthracene, thin and thick carbon films, and saccharose. These carbonaceous compounds are representatives of so-called graphitizing and non-graphitizing carbons, as defined by Franklin (1951) . Non-graphitizing means that the carbonaceous matter is not transformed into graphite during high-temperature laboratory treatment, under an inert gas atmosphere, of up to 28008C. Using Raman microspectroscopy, investigators were able to detect different types of defects and follow their elimination during HTT. The evolution of carbonaceous materials throughout artificial HTT (carbonization and graphitization) is due to the rapid and almost complete elimination of different types of defects. This elimination allows the progressive rearrangement of the basic structural units. In the case of graphitizing materials, Raman spectra enabled documentation of the occurrence of well-crystallized graphite after HTT up to 27008C. For non-graphitizing carbon, such as cellulose, disorder persisted, and the crystalline structure of graphite was not obtained even after HTT to 29008C (Rouzaud and Oberlin, 1989) . It was proposed that the in-plane graphite crystallite size (L a ) of polycrystalline materials can be deduced by comparing the intensity of the E 2g mode band at 1582 cm À1 (I G ) to the intensity of the disorder-induced band at 1350 cm À1 (I D ) (Knight and White, 1989) :
On the basis of previous studies carried out on different synthetic precursors and with the use of detailed sampling of carbonaceous matter for specimens of different metamorphic series, knowledge about the evolution of Raman spectra of carbonaceous matter has been progressively obtained. By combining Raman data with those obtained by other methods of structural investigation such as X-ray diffraction and transmission electron microscopy, changes during regional metamorphism at the atomic and molecular level of carbon from rocks of different age have been described (Pasteris and Wopenka 1991; Bény 1992, 1999; Wopenka and Pasteris, 1993; Kříbek et al., 1994; Jehlička et al., 1997; Beyssac et al., 2002a Beyssac et al., , 2002b Beyssac et al., , 2003 . However, investigators have indicated that care must be taken when more than one population of primary carbonaceous matter is documented in the investigated samples (Kříbek et al., 1994; Rantitsch et al., 2004) .
In their pioneering work, Pasteris and Wopenka (1991) showed that the Raman spectra of graphite in rocks reflect the degree of crystallinity (L a ) in natural samples in a similar fashion as exhibited in the case of carbonaceous precursors heated in laboratory ovens (Bény-Bassez and Rouzaud, 1985) . They demonstrated that the Raman spectrum is a sensitive fingerprint of changes in the degree of graphitization in rocks from greenschist-to-granulite facies metamorphism.
Important changes in the Raman spectra were observed for residual carbonaceous matter isolated from a homogeneous series of Barrandian black shales and schists from the western part of the Bohemian Massif (Neoproterozoic). This evolution documented natural metamorphic graphitization in the direction of increasing regional metamorphism. In the series of kerogens investigated from rocks between pumpellyite and biotite zone, the intensity ratio of the bands D to G decrease in the direction of regional metamorphism from values around 1.4 to less than 0.1 ( Jehlička and Bény, 1992) , which correlates inversely with the dimension of crystallite size (L a ) visualized when using transmission electron microscopy ( Jehlička and Rouzaud, 1990) . In poorly ordered kerogens from black shales subjected only to very low metamorphic conditions, two broad Raman bands (halfmaximum width 60-80 cm À1 ) were observed in the Raman spectra, the first situated at about 1590 cm
À1
, the second at 1350 cm
. In the case of kerogens from schists of the chlorite metamorphic zone, both of the characteristic Raman bands were again observed; however, they were slightly narrower (50-60 cm À1 ) in comparison with those in spectra of poorly ordered kerogens from low metamorphic areas. The Raman spectrum of carbonaceous matter from the biotite metamorphic zone is characterized by a sharp and narrow (32 cm À1 band width) band at 1578 cm À1 . A very weak band at 1354 cm À1 was observed, which confirmed that under these metamorphic conditions the carbonaceous matter was transformed to graphite ( Jehlička and Bény, 1992) . Wopenka and Pasteris (1993) investigated an important series of carbons-among other samples, 24 grain separatesfrom various metamorphic terrains from chlorite zone to granulite facies. The Raman shift positions, widths, height ratios, and area ratios of the Raman bands evolve in correlation with the degree of ordering. On the other hand, they were able to estimate the in-plane crystallite size, L a , based on the existing calibration data (X-ray diffraction). Yui et al. (1996) showed that continuous sampling from zeolite facies through prehnite-pumpellyite facies to greenschist facies metamorphic rocks revealed that both the Raman D=G band area (i.e., integrated intensity) ratio and the D=G band width (i.e., full width at half maximum) ratio of the carbonaceous material decrease with progressive metamorphism but that the most prominent change in the D=G band area ratio occurs in samples of lower greenschist facies metamorphic grade, while the most significant decrease in the D=G band width ratio occurs in samples near the boundary of prehnite-pumpellyite and greenschist facies. It was postulated that the Raman spectrum of carbonaceous material can serve as a metamorphic grade indicator to distinguish samples of a prehnite-pumpellyite facies metamorphic grade from those of a greenschist facies metamorphic grade. Beyssac et al. (2002b) proposed that the structural organization of carbonaceous material can be quantified through the R2 parameter, which is defined as the relative area of the main defect band D1, with respect to the G and D2 bands, given by
where the D1 band corresponds to the area of the defect band ca. 1380 cm linear correlation between R2 and metamorphic temperature, which they calibrated using samples from different regional metamorphic belts with well-known pressure and temperature conditions. This method applies for metasediments of pelitic lithology in which carbonaceous material precursor is mainly a kerogen mixed with minor hydrocarbons trapped during diagenesis. They noted that the R2 parameter variations are significant from 0.0 for pristine graphite to 0.7 for poorly organized carbonaceous material, which limits the applicability of the method to the range 330-6508C. When R2 is higher than 0.7, the corresponding spectrum usually exhibits a very large D1 band, a broad G band ca. 1600 cm
(including both G and D2 bands), and a D3 band. The accuracy in the determination of the temperature from this calibration is estimated to be AE508C for temperatures in the range 330-6508C. This correlation is given by
This function was based on Raman analysis of 54 samples representative of high-temperature, low-pressure to highpressure, low-temperature metamorphic gradients. This work, as was the case for the work of Rantitsch et al. (2004) and Rahl et al. (2005) , was based on studies of carbonaceous samples from Alpine systems, which are relatively young. Further, work by Rahl et al. (2005) extended the reliability of the Raman geothermometer to low-grade metamorphic rocks, to lower metamorphism temperatures, as low as 1008C.
Archean cherts are composed largely of silica with trace quantities of carbonaceous materials, which thereby lack metamorphic mineral assemblages that record thermal events. Therefore, Raman spectroscopy of carbonaceous materials as a geothermometer could be a useful tool for constraining the thermal history of these rocks and additionally elucidating the syngenicity of the carbon in these cherts.
To date, Raman spectroscopy has not been used to its full potential as a method of geothermometry for delineating the degree of metamorphism undergone by Archean cherts. Two studies have pushed the way forward in this respect. In the investigation of carbonaceous materials from the Onverwacht, Fig were all subjected to temperatures at most equal to those reflected in chlorite-zone shales, that is, between 300-4008C (Bucher and Frey, 1994) . In addition, samples from the Marble Bar chert of the Pilbara block, Western Australia, were shown to have been heated to the same extent as was discerned for samples from Barberton. Significantly, Tice et al. (2004) concluded that Raman spectra could be used to test the antiquity of putative microfossils in rocks of comparably heated terrains. Any microfossil or carbonaceous material that yields a Raman spectrum without well-developed D and G bands or displays bands that correspond to functional groups of thermally unstable organic compounds is a recent contaminant (e.g., porphyrins or carotenoids, cf. Edwards et al., 2007) . Conversely, a Raman spectrum characteristic of metamorphism comparable to that of the surrounding rocks indicates that the carbonaceous material has been in place since the time of maximum heating. Allwood et al. (2006) investigated the Raman spectra acquired from carbonaceous materials in the Strelley Pool Chert (Pilbara Craton, Western Australia). The purpose of their study was to determine whether primary structural characteristics of organic molecules may have survived to the present day. They used Raman spectral parameters to identify variations in molecular structure of the carbon and determine whether original characteristics of the carbonaceous materials have been completely thermally overprinted, as would be expected during approximately 3.5 billion years of geological history. To the contrary, they found that the molecular structure of the carbonaceous materials varies depending on the sedimentary layer from the sample locality and the inferred original paleoenvironmental setting of that layer, as determined by other geochemical and geological data. Thus, Allwood et al. (2006) argued that the spectral characteristics of the carbonaceous materials reflect original paleoenvironments that varied through time, from warm hydrothermal settings to cooler marine conditions to a return to hydrothermal conditions. Raman spectroscopy also showed that organic matter is present in trace amounts in association with putative stromatolites in the Strelley Pool Chert, which significantly were previously thought to be devoid of organic remains (Allwood et al., 2006) . Furthermore, the Raman spectra of kerogen associated with stromatolites indicate lower thermal maturity compared to the kerogen in non-stromatolitic hydrothermal deposits in overlying and underlying rocks. Significantly, this indicates that the stromatolites are not abiotic hydrothermal precipitates-as previously proposed-but were formed in a cooler marine environment that may have been more favorable to life.
Possible Way Forward for Raman Spectroscopy of Archean or Martian Carbonaceous Materials
Currently, it is not possible to determine the biogenicity of disordered sp 2 carbonaceous material by Raman spectroscopy. Pasteris and Wopenka (2003) documented that coals and kerogens of an unequivocal biological origin have similar spectra to nonbiological synthetic disordered sp 2 carbonaceous materials. Additionally, it should be considered that geochemical maturation or metamorphism of almost all naturally occurring organic matter, whether biological or abiological in origin, has been proposed to give rise to similar resultant thermally stable products covalently cross-linked aromatic hydrocarbons and other aromatic subunits that became transformed and condensed through carbonization and graphitization.
Despite the increasing application of Raman spectroscopy to Archean carbonaceous microstructures and astrobiological prospecting, no work has been done on a rigorous structural interrogation between the thermal alteration products of biological and nonbiological organic material to determine whether Raman spectroscopy can reveal subtle changes in spectra acquired from disordered carbonaceous materials. Raman spectra, in general, contain a wealth of valuable in-formation pertaining to the physical and chemical properties of molecules and macromolecular complexes. However, it is not always easy to extract such information from the spectra. This is particularly true for complicated macromolecular materials, for example, first-order spectra obtained from sp 2 disordered carbonaceous materials, which consist of many components. To resolve multiple components expressed as broad overlapping bands, the second derivative, difference spectra, deconvolution, and curve fitting can be undertaken.
Therefore, we propose a new way forward by investigating the second derivative of the carbon first-order spectrum and deconvolution of this region to ascertain a greater structural understanding between the thermal alteration products of biological and nonbiological material. We propose that future work should concentrate on the compilation of a statistically significant spectral data set that consists of the deconvolution of clearly agreed-upon microfossils and abiotic carbonaceous materials that have a reasonable probability of appearing in Archean and martian settings. In addition, we propose the use of multivariate statistical techniques for simplifying complex spectral data and highlighting subtle interrelationships in an effort to distinguish biologically and nonbiologically derived disordered sp 2 carbonaceous materials with the goal to produce a database that could be useful in determining biogenicity of Archean and martian carbonaceous materials.
Future work will concentrate on the application of chemometrics to a representative database of biological and nonbiological samples. However, to illustrate the point of delineating subtle spectral differences by deconvolution, we will consider the spectral differences between Archean carbonaceous materials with abiotic carbonaceous microfilaments synthesized in the laboratory by annealing amorphous carbon in the presence of cobalt (Marshall and Wilson, 2004) (Fig. 6) . At first glance, the line shape in the carbon first-order spectra of the carbonaceous material isolated from the Strelley Pool Chert, Pilbara region, Western Australia, and abiotic filamentous carbon synthesized by Marshall and Wilson (2004) may look very similar, but what happens when the second derivative and subsequent deconvolution are performed?
A technique in which the absorbance, Raman scattering, or other spectral ordinate is differentiated n times with respect to wavenumber or Raman shift produces the n th derivative spectrum, that is, the spectrum of the n th derivative of the original spectrum. Derivatives are used to resolve and locate bands in an envelope. The first derivative will emphasize change in slope and enhance resolution, and the second derivative produces a negative peak for each band and shoulder in the original spectrum. The differences in band shape and intensity are highlighted in the second derivative spectrum. The differences between the two spectra are clearer when the second derivative has been undertaken, as is shown in Fig. 7 . The second derivative spectra show that the G band is more complex for the spectrum obtained from the abiotic carbon and that the D band is less complex by comparison to the spectrum acquired from the Strelley Pool Chert carbonaceous material.
To unravel these overlapping bands, curve fitting or deconvolution is used to provide rigorous detail of molecular structure. The primary focus on the curve-fitted bands is to determine their assignment, their height, and shapes, in order to provide a better understanding between sample sets. Figure 8 and Table 1 show notable differences that might not have been apparent prior to curve fitting of the carbon firstorder spectra for the two samples. The major differences between the two spectra are positions and nature of the D2 and D4 bands. Significantly, the spectrum acquired from the carbonaceous material isolated from the Strelley Pool Chert has a definite pronounced D4 band, while the D2 band is not so prominent. Furthermore, the ratios derived from the curve fitting show that these materials have a completely different molecular structure, shown by the L a , D1=G, and R2 values. By comparison, the aromatic domains are larger (larger L a value), and there is less disorder (lower R2 value) within the carbonaceous network of the abiotic filamentous   FIG. 6 . Comparison stack plot of Raman first-order carbon spectra obtained from isolated kerogen from the Strelley Pool Chert and abiotic synthetic filamentous carbon (fabricated by annealing disordered sp 2 in the presence of Co, as described in Marshall and Wilson, 2004) .
FIG. 7.
Comparison stack plot of the second derivative spectra derived from first-order carbon spectra obtained from isolated kerogen from the Strelley Pool Chert and abiotic synthetic filamentous carbon. microstructure than that of the carbonaceous material isolated from the Strelley Pool Chert (Table 1) . Upon further analysis of the spectra for these two samples, that is, by taking the second derivative and performing deconvolution, the materials can be readily distinguished.
Conclusions
To date, there has been much controversy in the literature pertaining to the application of Raman spectroscopy to determine a biogenic signal for Archean putative microfossils. Currently, it is considered that nonbiological and biological disordered carbonaceous material display similar Raman spectra. Therefore, the major limitation thus far of using Raman spectroscopy to determine the biogenicity of carbonaceous materials is that bona fide microfossils and putative microfossils yield spectral features indicative of disordered sp 2 hybridized carbon bonded to carbon. However, Raman spectroscopy of ancient disordered carbonaceous material can be a useful geothermometry tool with which to constrain the thermal history of cherts that lack metamorphic mineral assemblages and to elucidate the syngenicity of the carbon in these cherts.
The Raman spectra of more recent or extant biological samples, however, show the presence of biological functionalized compounds, such as RNA, DNA, amino acids, protein, pigments, and diagenetically altered carotenoids, that are unequivocal for proving a biological origin. Despite the similar nature in disordered sp 2 carbonaceous material spectra, rigorous structural interrogation between the thermal alteration products of biological and nonbiological organic materials has, to date, not been undertaken. Therefore, we propose a new way forward by investigating the deconvolution of the carbon first-order spectra to build a database of structural parameters that may yield distinguishable characteristics between biogenic and abiogenic carbonaceous material. The impetus to pursue systematic studies of the characteristics of Raman spectra of carbonaceous materials proposed here is that they could lead to the use of this analytical technique as a means to assess the biogenicity of samples of any geological age, on Earth or Mars, that contain organic matter.
